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Electron energy relaxation by phonons in the Kondo condensate
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We have used normal metal-insulator-superconductor tunnel junctions as thermometers at sub-
Kelvin temperatures to study the electron-phonon (e-p) interaction in thin Aluminum films doped
with Manganese, as a function of Manganese concentration. Mn in Al is known to be a Kondo
impurity with extremely high Kondo temperature TK ∼ 500 K, thus our results probe the e-p
coupling in the fully spin compensated, unitary limit. The temperature dependence of the e-p
interaction is consistent with the existing theory for disordered metals, however full theory including
the Kondo effect has not been worked out yet. The strength of the interaction decreases with
increasing Manganese concentration, providing a means to improve sensitivity of detectors and
efficiency of solid state coolers.
PACS numbers: 73.23.-b, 72.10.Di, 72.15.Qm, 74.50.+r
Recently, there has been a renaissance of the many
body physics of magnetic impurities interacting with con-
duction electrons in metals, known as the Kondo effect
[1]. In particular, a lot of understanding has emerged on
how the magnetic impurities affect the dephasing [2] and
energy relaxation [3, 4] of electrons at low temperatures,
by a mechanism where the electron-electron (e-e) inter-
action is mediated by the exchange interaction with the
magnetic impurities [5, 6, 7]. Although this new channel
for the e-e interaction is clearly dominant for dephasing
in most impurity-host systems, where the Kondo tem-
perature TK is much smaller [3, 4] or slightly higher [8]
than the electron temperature, it will disappear in the
limit where T << TK . In this extreme unitary limit, the
impurity spin will be completely screened by the elec-
trons, will only scatter electrons elastically, and Fermi-
liquid theory is know to be valid, if the number of orbital
channels k of the impurity equals twice the spin, k = 2S
[1, 9].
In light of the above, we have decided to study an
impurity-host system with an extremely large Kondo
temperature TK ≈ 500 K, Aluminum doped with Man-
ganese [1]. The expected magnetic ion in this system is
Mn2+, and if Hund’s rule applies, it has five spin aligned
d-electrons, thus k = 2S = 5. As the Kondo impurity
mediated mechanism is then suppressed at our experi-
mental sub-Kelvin temperature range, only direct e-e in-
teraction and electron-phonon (e-p) interaction remain
as the main mechanisms for electron energy loss. Here,
we concentrate on studying the e-p interaction, which is
typically the dominant energy loss channel for the elec-
tron system as a whole. This means it is very critical for
the performance of bolometric detectors and solid state
coolers [10]. In fact, AlMn has already been used in
novel NIS bolometers [11], TES microcalorimeters [12]
and thin-film solid-state refrigerators [13].
In this work, we present the first experimental re-
sults on the e-p interaction in the AlMn Kondo-system.
No previous data exist in the literature, to our knowl-
edge. We have measured the temperature dependence
and strength of the interaction for samples with vary-
ing Mn concentration below 1K, using NIS tunnel junc-
tion thermometry [14]. Results show that e-p interaction
weakens significantly below the value for clean Al thin
films [15]. The strength of the effect depends strongly on
the concentration of Mn impurities present.
The scattering rate between electrons and acoustic
phonons via deformation potential depends strongly on
temperature, 1/τe−p ∼ Tm, where m can have values
ranging between 2-7 depending on whether the sample is
a metal or a semiconductor, the type and level of disorder
and dimensionalities of the electron and phonon systems
[16, 17, 18]. For disordered 3D metal films in the limit
ql < 1, where q is the wavevector of the dominant ther-
mal phonons and l the electron mean free path, theory
predicts [19, 20, 21, 22] that if the scatterers are vibrating
with the phonons, interference terms lead to suppression
of e-p relaxation. Then m = 4 (in contrast to m = 3
for pure samples), and the net power flowing from hot
electrons of volume V at a temperature Te to phonons at
Tp is
Pe−p = ΣV(T ne − T np ), (1)
where n = m + 2 = 6 and Σ is a sample parameter.
This suppression has recently been observed in Cu and
Au noble metal films [23], where the simple theory is
expected to be correct, in addition to earlier results on
Ti and Hf [24]. The effects of the more complex Fermi
surface of Al and the inclusion of the Mn Kondo ions are
presently not known theoretically.
A Schematic of the samples used to measure the e-p
interaction is shown in Fig. 1. We use the hot-electron
technique [25] to measure the e-p interaction by over-
heating the electrons by Joule heat power P and mea-
suring the resulting temperature Te. All the measured
samples had two long (L ∼ 0.5 mm), electrically isolated
Al-Mn normal metal wires separated by 2 µm. Since
L >> Le−e, the electron-electron scattering length, Te is
2= Al-Mn
= Al
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487 mm
FIG. 1: Schematic of the samples and the measuring circuit.
well defined without complications from non-equilibrium
[4]. The upper wire was heated by applying a voltage
across a pair of superconducting Al leads in direct metal-
lic contact to AlMn, forming SN junctions. These junc-
tions provide excellent electrical, but very poor thermal
conductance due to Andreev reflection, as the junctions
are biased within the superconducting gap ∆ of Al in all
the data shown here. Thus, due to the lack of outdiffu-
sion of electrons, the input heat is distributed uniformly
in the interior of the wire [26, 27]. We measure the elec-
tron temperature in the middle of the wire, where two
additional Al leads form a NIS tunnel junction pair (SI-
NIS), as a function of input the Joule power P = IV ,
measured in four probe configuration. The purpose of
the lower Al-Mn wire, with an additional SINIS ther-
mometer on it, is to give an upper limit to the local Tp,
as the e-p power flow (Eq. 1) depends on both Te and
Tp. As our sample volumes are large, the contribution of
thermal photon emission [28] is estimated to be insignif-
icant compared with phonon emission.
Several e-p samples were fabricated in three differ-
ent Mn concentrations (S1,S2,S3), on nitridized silicon
chips using electron beam lithography and three-angle
shadow evaporation of Al and Al-Mn [29]. Four probe
samples with similar Al-Mn wire dimensions to the e-p
samples were also fabricated for accurate resistivity mea-
surements between room temperature and 4K (samples
RS1, RS2 and RS3). Evaporation was done from zero an-
gle using the same evaporation parameters (growth rate,
new crucible every time and same amount of source ma-
terial) as for the e-p samples. The oxide layer forming the
tunnel barrier was produced by thermal oxidation of Al,
resulting in tunneling resistances RT ∼ 6-15 kΩ. Widths
of the Al-Mn wires varied from 300 to 500 nm, thicknesses
from 50 to 60 nm, and length was always ∼ 487µm. The
small dimensions were measured accurately for each sam-
ple with an AFM.
The composition of the evaporated AlMn films were
determined using elastic recoil detection analysis [30].
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FIG. 2: (a) Temperature dependence of the resistivity: con-
tinuous line sample RS1, dashed RS2 and dotted RS3. Blow-
up of the low temperature range of the data for RS2 and RS3
are shown in (b) and (c), respectively.
Results for samples RS1, RS2 and RS3 show atomic Mn
concentrations ci of (13.6 ± 1.0) %, (1.3 ± 0.2) % and
(0.54±0.10)%, respectively. These can be compared with
the nominal source concentrations of 2 %, 0.65 % and 0.3
% for RS1-RS3, respectively. In evaporation, the Mn con-
centration increases due to the larger vapor pressure of
Mn compared to that of Al.
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FIG. 3: Measured (symbols) current-voltage characteristics
of a SINIS structure (nominally 0.65 % Mn) at different re-
frigerator temperatures between 60 - 500 mK. Solid lines are
calculated from BCS theory. At T = 64 mK, the thermal
model described in Ref. [13] was used. The value of the only
fitting parameter, the fraction of the power dissipated in Al
returning to AlMn via recombination phonons, is β = 0.3.
Dashed line corresponds to the bias current used in the e-p
measurements.
Data from resistivity measurements is shown in Fig. 2.
Samples RS2 and RS3 exhibit a typical metallic resistiv-
3ity, where the phonon contribution dominates at high
temperatures (region where dρ/dT > 0), whereas be-
low 30 K the impurity resistivity dominates. However,
if one looks at the low temperature region more care-
fully [Figs. 2 (b) and (c)], clear minima for both samples
can be seen. This is a signature of the Kondo effect.
In sample RS1 with the highest Mn concentration, the
contribution of the Kondo resistivity is so large that it
completely overwhelms the phonon contribution in the
whole temperature range all the way up to room tem-
perature (dρ/dT < 0). The shape of the ρ vs. T curve
agrees qualitatively with the Kondo theory in the strong
coupling limit T < TK . Quantitative comparison is diffi-
cult, as the temperature range is such that only numeri-
cal renormalization group calculations are valid [1]. The
residual resistivity at 4.2 K is approximately linear in ci,
as expected for the unitary limit [1].
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FIG. 4: Measured electron temperatures of the AlMn e-p
samples vs. applied power per unit volume. Circles, squares
and triangles denote data from samples S1, S2 and S3, respec-
tively. Continuous line is a guide for the eye ∝ T 1/6. Dashed
line corresponds to Al data in the pure limit, n = 5, with
Σ = 1.1 × 109/K5m3 calculated for sample 1 in Ref. [15],
using a value for Sommerfeld constant γ = 135J/K2m3.
Having established the relevance of Kondo physics in
our samples, we discuss next the e-p measurements, per-
formed in a dilution refrigerator at base temperature
T = 60 mK. As AlMn NIS junctions have not been used
widely in thermometry before, we first have to ensure
that they work as expected. Fig. 3 shows a typical
current-voltage characteristics of a AlMn/AlOx/Al SI-
NIS junction, with the refrigerator temperature varying
between 60-500 mK. The usual suppression of the cur-
rent at small bias voltages due to the superconducting
gap (2∆/e ∼ 0.4 mV) is seen. As T is increased, the
gap feature is smeared and more current flows. Thus, by
current biasing the the junction and measuring its volt-
age, very sensitive thermometry is possible. Fig. 3 also
shows theoretical modeling based on BCS theory and a
TABLE I: Parameters of the e-p samples. the mean free path
l was calculated from the resistivity at T = 60 mK using the
Drude formula, Σ was obtained from the fits to the data in
Fig. 4, r = (1/τAlMn)/(1/τAl) = 6ΣT/(5ΣAl).
Sample Source Mn % l (nm) Σ (109W/K6m3) r(0.1 K)
S1 2 0.2 1.1 0.12
S2 0.65 1.9 2.5 0.27
S3 0.3 3.2 4.2 0.46
thermal model introduced in Ref. [13]. This model takes
into account the current and heat flows across the junc-
tions calculated from the exact BCS formulas, in addi-
tion to cooling by phonons, back emission of heat from
the superconductor, and dissipation due to imperfections
of the barrier. We found that only at 60 mK was the full
thermal model necessary for a good fit (with one free pa-
rameter), at all other temperatures a simple BCS theory
with a constant T was sufficient to model the data. This
was checked for all Mn concentrations used. Thus, the
SINIS junctions could be calibrated using a calibrated
RuO thermometer on the sample stage, taking into ac-
count noise overheating at the lowest temperatures, as
discussed in Refs. [23, 31].
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FIG. 5: Numerical logarithmic derivatives of the measured
data in Fig. 4 for samples S1 (a), S2 (b) and S3 (c).
The data for samples S1, S2 and S3 used to obtain
the strength of the e-p interaction is shown in Fig. 4.
We have plotted the electron temperatures Te (mea-
sured with SINIS thermometers) as a function of the
input power per sample volume applied to the electron
gas, in log-log scale. The temperatures of the unheated
wires were found to be low enough, so that the condition
4T ne ≫ T np holds, and the data can be analyzed with-
out the direct knowledge of Tp. In this case, the slope
of the measured Te vs. P gives directly the value 1/n,
and the constant multiplier the value Σ. All samples
seem to be consistent with n = 6, agreeing with sim-
ilar Cu and Au samples [23]. The saturation of Te at
low P is due to external noise heating [23]. Values of
Σ obtained from fits fixing n = 6 are shown in Table
I. Clearly, the e-p coupling weakens significantly with
increasing Mn concentration. Fig. 4 also shows a com-
parison with the clean limit for Al films, using n = 5
and ΣAl = 1.1 × 109W/K5m3, obtained from Ref. [15].
Comparing ΣAl with our results, we see that the energy
relaxation rate 1/τ is suppressed by an order of magni-
tude at 100 mK for the highest Mn concentration, see
Table I. Comparison with the data measured for Cu and
Au wires of approximately the same film thickness using
the same technique [23] gives temperature independent
suppression factors ranging from 0.02 (AlMn 2% vs Au)
to 0.3 (AlMn 0.3 % vs Cu). Finally, to obtain a detailed
picture of the temperature dependence, we plot the nu-
merical derivatives d(log Te)/d(logP ) of the data in Fig.
5. It is clear that P ∼ T 6 describes the data well over a
large range of P for all samples. The deviations at high-
est heating powers for samples S1 and S3 are presently
not understood.
In conclusion, we have obtained clear evidence for sup-
pression of phonon emission from electrons in the extreme
Kondo compensated limit T << TK in Aluminum doped
with Manganese. As Kondo impurity mediated e-e scat-
tering is expected to be suppressed in the unitary limit
(other possible Kondo impurities such as Cr and Fe, also
have a high TK > 300 K in Al), pure e-e scattering should
dominate the dephasing at sub-Kelvin temperatures in
this material. The observed suppression of e-p scattering
also leads to an extension of the temperature range of e-e
dephasing, therefore AlMn is a good candidate material
to study the e-e interaction. For hot-electron bolome-
ters, a weak e-p coupling leads to increased sensitivity.
The expected improvement of the noise equivalent power
(NEP ∼
√
Σ) for the high concentration AlMn is a factor
∼ 4 over Cu (∼ 7 over Au). Weak e-p coupling is also
benefitial for solid state electron coolers.
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